a oliverf@uwindsor.ca, b rbowers@uwindsor.ca, c dgreen@uwindsor.ca Keywords: dual phase steel, hydroforming, martensite banding, nano indentation Abstract. The behaviour of dual phase steel tubes at 600, 780, and 980 MPa strength grades undergoing rotary draw bending and pressure sequence hydroforming is examined. Bending was performed using three different bend ratios. Principal strains were measured at several locations on each tube. It was found that the level of strain experienced by the tubes was independent of steel grade. The outcome of the bending process was stochastic in nature; for a given steel grade and bend ratio, some tubes were successfully formed, while others experienced failure. The proportion of failed tubes was found to increase with higher strength steel grades and tighter bend ratios. Metallographic samples from the extrados of the bent tubes revealed that many of the same microstructural features affecting strength and elongation in uniaxial tensile testing, namely martensite banding and non-metallic inclusions, affected dual phase steel tubes undergoing rotary draw bending. Additionally, a nano-indentation technique was investigated to determine the potential for more detailed microstructural characterization.
Introduction
Due to their high strength and good formability, dual phase steels have been widely adopted in the automotive industry for use in auto body structural components. As the demand for stronger dual phase steels has risen, the challenge of forming these steels into the required shapes has become a significant issue. Presently, closed cross-section tubular components are created from steel tubes utilizing rotary draw bending and hydroforming. In order to successfully design these components, it is important to understand the behaviour and level of formability of dual phase steels undergoing these processes.
Experimental Procedure Chemical Composition. Commercial dual phase (DP) steels were obtained from three separate suppliers; three tensile strength levels [MPa] were represented: DP600, DP780 DP980. Chemical, mechanical, and microstructural properties are summarized in Table 1 . Chemical compositions of the steels were determined using a Thermo Scientific ARL 3460 optical emission spectrometer according to ASTM E415. The results closely matched the values supplied by the steel producers.
Mechanical Properties. Tensile samples were cut from as-rolled sheet using a wire EDM to minimize distortion. For each material, specimens were obtained from the 0-, 45-, and 90-degree orientations, where 0 degrees represents the rolling direction of the sheet. Testing was accomplished on an ADMET 2613 universal testing machine with a 50 kN load cell utilizing a crosshead speed of 0.1 mm/s. Calculation of the strain-hardening exponent, n-value, was performed as specified by ASTM E646. It was determined for strains between 5 and 10 percent, or up to the uniform elongation for the DP980 steels, which had uniform elongations less than 10 percent. The plastic strain ratio, r-value, represents the ability of the material to resist thinning or thickening under tensile or compressive forces in the plane of the sheet. Again, the average r-value was determined for strains between 5 and 10 percent. The final mean r-value (r m ) was determined according to ASTM E517 using the test results from the 0-, 45-, and 90-degree orientations: r m = (r 0 + 2r 45 + r 90 ) / 4. Microhardness testing was performed according to ASTM E384 on flat sheet samples using a Buehler Micromet II equipped with a Vickers indenter and a load of 300 g. Additional testing was performed at a 10 g load using both Vickers and Knoop indenters. Nano indentation testing was performed according to ASTM E2546 using a Hysitron TI 700 Ubi scanning nano indenter equipped with in-situ scanning probe microscopy (SPM) capability. A maximum load of 250 µN was applied using a trapezoidal loading function to reduce time dependent effects.
Tubing and Hydroforming. Tubes were created from steels 1, 4, and 7 by roll forming and welding to produce an outside diameter of 63.5 mm. DP600 and DP780 tubes were joined using high-frequency electric resistance welding; DP980 tubes were joined using laser welding. Grids consisting of 2.54-mm circles were imprinted on the tube for subsequent strain measurement after bending. Bending was carried out on a CNC-enabled, electro-hydraulically driven, rotary draw mandrel bender. Welds were located along the neutral axis for bending. To ensure tube integrity and to prevent tubing collapse, a flexible five-ball mandrel was used. Bend ratios (defined as bend centreline radius / tube outside diameter) of 3.1, 2.0 and 1.73 were attempted for each steel grade. The bend angle was increased to account for material springback. Table 2 presents the bending results. Tubes produced with a 3.1 bend ratio were then hydroformed
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according to the procedure for upper fender rails on a production vehicle. After bending and hydroforming, strain measurements were obtained from the circle grid pattern. Measurements were made on the extrados of the tube bend and around the tube circumference at the bend midpoint. Wall thickness measurements were performed using both a ball end micrometer and a GE CL5 ultrasonic tester.
Microstructural Characterization. Ferrite grain size was measured according to the ASTM E112 grain counting method, using a combination of optical and SEM micrographs. Martensite volume fraction was determined using Image-Pro software according to ASTM E1245. Again, both optical and SEM images were used to obtain the best representative value. Anisotropy index values indicate the overall severity of the martensite banding; they were calculated using the ASTM E1268 linear intercept method. For a non-banded microstructure, the anisotropy index equals 1.0.
Results and Discussion
Tube Bending. Tube bending at ratios of 3.1, 2.0, and 1.73 yielded results of a stochastic nature. The tested DP600 steel was reliably bent at a ratio of 2.0; for the DP780 and DP980 steels tested, the successful ratio was 3.1. Observation of the strains along the extrados revealed two distinct regions. The clamp side exhibits a strain spike for the first ten degrees, which is where the bending impulse is first applied. The spike severity was influenced by mandrel lubrication, mandrel position, and bending speed. A steady region was noted between 20 and 60 degrees, followed by a decrease to the end of the bend. Fig. 1 plots strains for the 3.1 bend ratio for all three steel grades. While bending failures occurred in both regions, the majority occurred in the steady region. Randomness of the failure angle location suggested a material cause. The proportion of failed tubes was found to increase with higher strength steel grades and tighter bend ratios. A comparison of principal strains from the steady strain regions for each tube grade and bend ratio illustrates that the level of strain experienced by dual phase steels undergoing rotary draw bending does not appear to be dependent upon the steel grade, an observation confirmed by Khodayari [1] . The pressure sequence hydroforming process employed did not subject the tube to significant hoop and thickness strains like traditional high pressure hydroforming. Pre-and post-hydroforming strains were very similar, with no sign of additional thinning. Metallographic Observations. Observations of fractures from the extrados of the bent tubes revealed that although the state of strain differs between tube bending and uniaxial tension, the same microstructural features affecting strength and elongation in uniaxial tensile testing, namely
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martensite banding and non-metallic inclusions, also affected dual phase steel tubes undergoing rotary draw bending. This conclusion is consistent with the results of Park et al. [2] . DP600 and DP780 steels, exhibiting 14.1% and 21.2% martensite volume fraction respectively, exhibited ductile behaviour, with voids nucleating at martensite particles, martensite-ferrite interfaces, MnS inclusions, and at (Al, Ca) oxide particles. DP980 tubes with 38.1% martensite volume fraction displayed mixed mode fracture behaviour. Fig. 2 shows the fracture surfaces of DP600 and DP780 tubes, both of which show evidence of large voids nucleated at inclusions. The DP780 surface for the steel with an anisotropy index of 1.39 also shows the long parallel striations through the thickness of the wall, which are indicative of martensite banding. For dual phase steel to perform to its full potential during tube bending, both inclusions and martensite banding must be minimized. Table 1 demonstrate that the actual strength of dual phase steels are underestimated to varying degrees by the three suppliers. Higher than expected strength values require greater forces and pressures during tube bending and hydroforming processes. The steels themselves were either carbon-manganese (C-Mn) steels or CMn steels plus additional alloying elements. Lis et al. [3] commented that chromium and molybdenum are rarely added to commercial dual phase steels due to cost. As such, the presence of molybdenum along with a relatively high manganese content in steel 3 likely indicates the use of a continuous annealing line that did not allow for the necessary fast cooling rates to form the dual phase microstructure using a low-alloy composition. While specific heat treatment temperatures and cooling rates are proprietary information, Tobiyama et al. [4] have shown that the empirical formulae developed by Andrews [5] can be used to approximate the intercritical temperature range and martensite start temperatures of low carbon dual phase steels. Irie et al. [6] Table 1 . These values, combined with a knowledge of the carbon content, indicate that the critical cooling rates of steels 3 and 5 are lower than the other steels. Beyond this simple inference, it is not possible to obtain quantitative knowledge of the actual cooling rates used by the three steel producers.
Comparison of Commercial Dual Phase Steels. The values in
The effects of microstructural differences on the mechanical properties of the commercial dual phase steels were analyzed to determine their correlation levels. Martensite volume fraction correlated most closely with yield and tensile strength, with R 2 values of 0.96 and 0.97 respectively. It showed a lower-correlation trend with uniform elongation (R 2 = 0.74) and total elongation (R 2 = 0.75). An R 2 = 0.87 correlation was calculated between manganese content and the anisotropy index (for martensite banding); it was noted that the anisotropy index did not adequately capture steels with a single large centerline band of martensite. The DP780, with greater manganese content, exhibited greater martensite banding than the DP980 steels, which had higher martensite volume fractions but lower manganese contents. Martensite carbon content was calculated by the method of Speich and Miller [7] , who assumed that the densities of martensite and ferrite are the same, and that the carbon content of the ferrite is negligible. The validity of these assumptions has been tested by El-Sesy and El-Baradie [8] . Chawla et al. [9] note that softer martensite allows larger post necking strains after uniform elongation, which could explain the large total elongation of steel 3. Nano Indentation Testing. Finite element modelling of deformation processes involving dual phase steels currently relies on bulk mechanical properties. More precise micromechanical models will require mechanical property information for the different phases in the steel. Initial attempts to garner property information for the individual ferrite and martensite phases centered on microhardness testing. Vickers microhardness testing with a 10 g load produced indentations that were over 10 µm in size, which was generally larger than the mean ferrite grain size and consequently much larger than the martensite particles. The narrow indentations produced by Knoop testing did not provide sufficient detail at the 10 g load to obtain valid hardness results. These results are supported by the similar experience of Szewczyk and Gurland [10] , who found that the indentations were too large to characterize martensite particles, and that the ferrite hardness values reflected the influence of grain boundary constraint. More recently, El-Sesy and El-Baradie [8] reported successfully measuring the hardness of the individual phases using microhardness but do not present micrographs of their indentations.
Nano indentation techniques have focussed primarily on thin films and coatings; as such, techniques for use in characterizing multiphase steels are not well described in the literature. Attempts were made to perform nano indentation on dual phase steel samples etched with 2% Nital; they yielded poor results. Although data was obtained from loading and unloading of the indenter, reduced modulus values ranged from 50 to over 400 GPa, and SEM examination of the indented area failed to locate all of the indentations. Given that the small size of the nano indenter tip makes it very sensitive to surface roughness, unetched dual phase steel was tested. Samples were metallographically prepared, with a final fine-polishing step of 0.05 µm aluminum-oxide powder. Load-elongation curves for indents from DP600 steel, Fig. 3 , yielded nearly equal values of the reduced modulus, martensite = 177 GPa and ferrite = 181 GPa, but distinctly different hardness values, martensite = 7.18 GPa and ferrite = 3.51 GPa. The martensite phase is significantly harder, Residual scratches from the final polishing step are noted at this magnification. The unetched surface does not allow exact phase placement of the indents to be determined; however, it can be inferred that the smallest indents are placed in the martensite phase. Statistical analysis and interpretation of the nano indentation data are ongoing for DP600, DP780 and DP980 steels. This technique seems promising in terms of providing phase specific properties for micro-mechanical modeling of dual phase steels.
Conclusions

1.
Despite the stochastic nature of the bending process, DP600 steel could be reliably bent for a bending ratio of 2.0; the ratio was 3.1 for DP780 and DP980 steel. 2. Bending performance was degraded by the same microstructural factors that affect uniaxial tension: primary inclusions and martensite banding. 3. Martensite volume fraction was correlated to yield and tensile strengths by R 2 values of 0.96 and 0.97, respectively, and to uniform and total elongation by R 2 values of 0.74 and 0.75, respectively. 4. An R 2 = 0.87 correlation was calculated between manganese content and the anisotropy index (for martensite banding). It was noted that the anisotropy index did not adequately capture steels with a single large centerline band of martensite. 5. Nano indentation can be used to investigate and characterize the individual phases within commercial dual phase steels. Load-elongation curves for indents from a DP600 steel yielded nearly equal values of the reduced modulus, martensite = 177 GPa and ferrite = 181 GPa, but distinctly different hardness values, martensite = 7.18 GPa and ferrite = 3.51 GPa.
